I n 14 rabbits we determined the origin of the cells effecting healing of the tendon of supraspinatus inserted into a bony trough. After two weeks both the cellularity of the underlying bone and the thickness of the subacromial bursa were significantly increased in the operated compared with the control shoulders. The cellularity of the stump of the tendon, however, was significantly decreased in the operated shoulders. In this model, both the underlying bone and the subacromial bursa but not the stump of the tendon contributed to the process of repair.
Since McLaughlin's original description, 1 the standard procedure for surgical repair of a torn rotator cuff has been implantation of the stump of the tendon into a bony trough. 2, 3 Moreover, during surgery on torn rotator-cuff tendons the recommendation has been to cut back the medial stump to bleeding tissue. [2] [3] [4] [5] This implies that the cells and vessels necessary for healing arise from the stump of the tendon. Some authors, however, were reluctant to cut back the stump and recommended minimal debridement to avoid an increase in the size of the defect 6, 7 with implantation of the degenerated stump into a bony trough. They thought that the stump contributed little to the healing process.
There have been several reports of experimental studies on tendon-to-bone healing, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] but few in regard to the rotator cuff. Miyahara et al 14 studied the late stages of healing of the transection of the supraspinatus tendon in dogs and reported that the repaired tendon showed a gradual reappearance of a normal insertion 24 weeks after surgery. St Pierre et al 16 reported that in goats progressive maturation and reorganisation at the insertion of the infraspinatus tendon were seen at 12 weeks after operation. These authors, however, did not investigate the early stages of healing. Moreover, the tissues contributing to the healing process were not taken into consideration in their study. We have used a rabbit model in an attempt to identify the most important site(s) of early cell and vascular proliferation leading to an anchorage of tendon into bone.
Materials and Methods
We used 14 mature New Zealand white rabbits with a median body-weight of 3.9 kg (3.6 to 4.2). They were housed individually before and after surgery and had free access to standard food and water. Operative procedure. The experimental procedure had received approval from the Animal Care Committee of the University of Ottawa.
Under general anaesthesia using halothane or isoflurane and O 2 in a rebreathing circuit, alternate rabbits were allocated to be operated on the right and left shoulders. A longitudinal anterolateral skin incision was made, the omovertebral and deltoid muscles were retracted and the exposed supraspinatus tendon was then transected close to its insertion into the greater tuberosity. Bleeding at the cut surface of the medial stump of the tendon was always observed. The remaining distal fibrocartilaginous stump was resected exposing the greater tuberosity. Using a dental burr, a trough 7 mm long, 2 mm wide and 2 mm deep was prepared in the cancellous bone of the greater tuberosity. Three small drill holes were made from the lateral aspect of the humerus into the bony trough. Two horizontal mattress sutures with non-absorbable 3-0 prolene were placed, each suture passing through a drill hole then through the tendon and exiting through the second hole. The sutures were then tied to the lateral aspect of the cortex, thus pulling the tendon into the bony trough. The fasciae of the retracted muscles were sutured to cover the operative site and a continuous skin suture was applied. The animals were not immobilised after the operation. An intramuscular injection of 0.5 mg of oxymorphine was given occasionally to reduce pain. The opposite shoulder served as a control. Preparation of the specimens. All the rabbits were killed two weeks after surgery with an overdose of sodium pentobarbital. Both shoulders, including the deltoid muscle, the rotator-cuff muscles, the proximal one-third of the humerus and the glenoid were removed and fixed in 10% formalin. Specimens were cut parallel to the long axis of the supraspinatus tendon using a low-speed saw (ISOMET; Buehler Ltd, Lake Bluff, Illinois). After decalcification in EDTA, they were embedded in paraffin.
Sections 7 m thick were stained with haematoxylin and eosin, Heidenhain's azan and Toluidine Blue. A commercially available staining kit (Biotin-Streptavidin Amplified Detection System; Biogenex, San Ramon, California) was used for immunohistochemical staining. Monoclonal mouse antibodies against type-II collagen (FUJI Chemical Industries Ltd, Toyama, Japan) were used to identify fibrocartilaginous tissue. Evaluation of histological specimens. The area of interest was divided into four zones: the bone underlying the trough, the small gap between the stump and the bony trough, the stump of the tendon and the bursa. Each zone was evaluated by two observers independently and, in instances of disagreement, consensus was reached by discussion after joint viewing. The corresponding areas of the control shoulders were also evaluated. Histological features. The proliferation of small vessels, metachromasia in sections stained with Toluidine Blue, the presence of type-II collagen, the continuity of fibres and the localisation of osteoblasts were examined. The presence of each feature was graded as follows: -, not present; ±, weak; +, moderate; ++, strong. Histomorphometry. To quantify the degree of cell proliferation, cells were counted in the stump of the tendon and in the underlying bone using a computer image-analysing system. A solid-state colour video camera (VK-C350l; Hitachi, Tokyo, Japan) was mounted on a standard Olympus microscope. Using magnification of 133, a video digitiser system of Snappy Video Snapshot (Play Incorporated; Rancho Cordova, California) was used to capture images which were processed on a personal computer with the software of Uthscsa Image Tool (version 1.25; University of Texas Health Science Centre, San Antonio, Texas).
Three representative rectangular fields were digitised and analysed. The sites of the digitised images were standardised for each tendon. For the stump of the tendon, these were close to the site of transection at the bursal side and in between and at the articular side and for underlying bone, close to the surface of the trough. The area of each captured field was always 0.05 mm. 2 The number of nuclei was counted manually on the monitor. Erythrocytes, either intravascular or extravascular, were not counted. Profiles difficult to diagnose on the monitor were submitted to direct microscopic observation. The cellularity of the subchondral bone of the non-operated shoulders close to the insertion of supraspinatus was determined and compared with that of the underlying bone at the site of the trough; haematopoietic elements were excluded. The cellularity of the tendon proper on the non-operated shoulders was compared with that of the stump of the tendon on the operated side.
The thickness of the bursa was also measured using the computer image-analysing system. In operated shoulders this was measured at the edge of the proximal stump of the tendons and in control shoulders at the site of transition from the tendon proper to non-mineralised fibrocartilage. Care was taken to make the measurements perpendicular to the tendon fibres. Each measurement was taken three times and a mean value used for the analysis. Statistical analysis. This was performed using the Statview software package (Abacus Concept Inc, Berkeley, California). The paired t-test was used to determine the difference in the cell number and in the thickness of bursa between the operated and control shoulders.
Results
Four animals were excluded from the analysis because of wound breakdown at week 1 and suspicion of deep infection (1) and wide dehiscence of the tendon repair (3). This left ten animals in the study. Histological examination. The findings showed that a small gap (< 1.0 mm) was present between the stump of the tendon and the surface of the bony trough in all specimens. The underlying bone, the gap and the stump were assessed separately as to the presence of vessels, type-II collagen and metachromasia. Moreover, in the underlying bone the presence of osteoblasts and in the gap the continuity of fibres were also semiquantitatively evaluated (Table I) .
In the underlying bone, marked proliferation of osteo- blasts and the beginning of the formation of new trabeculae were observed (Fig. 1) .
In the area between the stump and the underlying bone, granulation tissue was seen, consisting mainly of fibroblasts and small vessels (Fig. 2) . Cartilage-like cells capped the surface of the newly-formed bone in the trough. The continuity between the stump of the tendon and bone had not yet been established. Although no metachromasia of the matrix could be detected, immunohistochemical staining showed the presence of type-II collagen in the gap (Fig. 3) .
In the stump no cellular or vascular reaction was observed. The cut surface of the tendon was clearly distinguishable (Fig. 4) . Some nuclei of the fibrocartilaginous cells showed cluster formation.
In the subacromial bursa there was a pronounced proliferation of fibroblasts and small vessels resulting in a marked bursal thickening. The cells from the bursal reaction seemed to invade both the stump of the tendon and the gap from the bursal side (Fig. 5) . Photomicrograph showing granulation tissue in the zone between the stump of the tendon and the underlying bone consisting mainly of fibroblasts and small vessels. The continuity between the stump of the tendon and the granulation tissue has been disrupted during processing (haematoxylin and eosin ϫ8).
Fig. 3
Immunohistochemical staining shows the presence of type-II collagen in the zone of the gap. Differentiation of cells into chondrocytes has already started at this stage (ϫ8). 
Discussion
Soslowsky et al 18 showed that the anatomy of the rabbit shoulder differed slightly from that of man. Although there is a supraspinatus muscle, a rotator cuff is not present. In addition, there are differences in size and function. The insertion of the supraspinatus tendon is identical in the two species, however, and consists of four zones: the tendon proper, non-mineralised fibrocartilage, mineralised fibrocartilage and bone. [19] [20] [21] Also, type-II collagen is localised only in non-mineralised and mineralised fibrocartilage. 22, 23 We therefore chose the rabbit shoulder as a model for repair of the rotator cuff in man.
Immunohistochemical investigation using monoclonal antibodies against type-II collagen as well as staining with Toluidine Blue allowed changes in the matrix to be assessed. In the gap, type-II collagen was found as well as some evidence for the differentiation of cells into chondrocytes. Re-establishment of the continuity of collagen fibres between the tendon and bone, however, had not occurred after two weeks.
In man, tears of the rotator cuff usually occur at, or close to, its insertion. During surgery, if the distal stump is found to be absent, the proximal stump is implanted into a bony trough. Theoretically, cellular and vascular proliferation leading to healing can start in the tendon, in the bone, or in the bursa. In our former study using biopsy specimens of human rotator-cuff tears, we found active vascular proliferation in the bursa but not in the stump of the tendon. 24 Recently, Hamada et al 25 showed that the torn supraspinatus tendon had an intrinsic healing capability by measuring in situ hybridisation for ␣-1 type-I procollagen mRNA. In our study, a marked increase in cells in the cancellous bone underlying the bony trough indicated the intensity of the early proliferation. A marked thickening of the subacromial bursa was also seen. At both sites the proliferation was always accompanied by an increase in vascularity. Cells in the proximal stump, however, showed a significant decrease when compared with control shoulders. These observations provide strong evidence that the stump of the tendon contributes little to the early phases of healing. Although it does have some capability for collagen synthesis, this is not enough for the reformation of the tendon insertion. Clinically, a torn or degenerated tendon may have even less healing potential. Therefore we believe that the proximal stump should be debrided judiciously and that cutting back to bleeding tissue is not necessary. Moreover, great care Photomicrograph showing that in the subacromial bursa there is a marked proliferation of fibroblasts and small vessels resulting in a marked bursal thickening. The bursal reaction reaches into the gap. Articular cartilage is seen in the left upper corner (haematoxylin and eosin ϫ8). The cellularity in the underlying bone increases significantly in the operated compared with control shoulders, but that of the stump of the tendon is significantly decreased in the operated shoulders (*p < 0.05; **p < 0.001; the error bars represent 1 SD). Fig. 7 The thickness of the bursa is significantly greater in the operated than in the control shoulders (*p < 0.01; the error bars represent 1 SD).
should be taken to preserve the subacromial bursa since it seems to play an important role in the healing process.
Our finding that the bone underlying the bony trough constitutes a major source of cells and vessels seems to be supported by a report of Nobuhara, Hata and Komai 26 who followed up 189 shoulders operated on for massive tears of the rotator cuff. They observed that 33% of patients who had tendon-to-tendon repair complained of pain after overuse compared with 18% who had undergone the McLaughlin procedure. 26 Thus, we believe that the stump of the tendon should be attached to a bleeding surface of cancellous bone during surgical repair.
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